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Weathering rates of minerals may be limited by the reaction kinetics of the constitutive minerals or the
supply of fresh minerals delivered to the near surface by denudation. We use a model of denudation and
reaction kinetics to analyze the relative importance of each in moderating silicate-weathering fluxes in
different erosional environments for different, commonly occurring silicate minerals. We find that minerals
that reside in the near-surface weathering zone for far longer than the reaction takes to complete, as is the
case with slow denudation, produce weathering fluxes that respond most strongly to changes in denudation
rate. Conversely, when transit through the weathering zone is rapid relative to a given mineral's weathering
timescale, the weathering responds most vigorously to changes in the reaction kinetics. Based on field- and
laboratory-measured values of silicate-weathering kinetic constants, observed weathering zone thicknesses
in relation to denudation rates, and denudation rates inferred from topography, it appears that fresh mineral
supply may play a sub-equal or dominant role in moderating silicate-weathering fluxes for four mineral
phases considered. If correct, this suggests that the concentration of atmospheric CO,, which is regulated by
silicate weathering over geologic timescales, may depend on those factors that control long-term erosion
rates across Earth's surface.
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1. Introduction

Weathering rates of minerals may be limited by the reaction
kinetics of the constitutive minerals or the supply of fresh minerals
delivered to the near surface by denudation. Should reaction kinetics
limit weathering rates, changes in environmental factors such as
temperature should likewise alter the reaction rates of these minerals.
However, if minerals are in short supply because reactions have
proceeded to near completion, tectonic processes, which generally
produce accelerated denudation rates, may enhance the supply, and
thus net weathering rates of these minerals (Berner et al., 1983;
Stallard and Edmond, 1983; Raymo et al., 1988; Berner, 1990; Raymo
and Ruddiman, 1992; Velbel, 1993; Berner, 1994; Brady and Carroll,
1994; Lasaga et al., 1994; White, 1995; White and Blum, 1995; White
and Brantley, 1995; Ruddiman et al., 1997; Lasaga, 1998; Riebe et al.,
2003; Chamberlain et al., 2005; Waldbauer and Chamberlain, 2005;
Ferrier and Kirchner, 2008; Gabet and Mudd, 2009). Mineral phases
react at different rates, and so depending on the mineral reaction time
versus the residence time of rock in the weathering zone, different
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mineral phases may be limited by each of these effects in a particular
situation (Brantley, 2008). In this contribution, we use a simple
modeling approach with a compilation of our current state-of-
knowledge about mineral reaction kinetics, denudation rates, and
the vertical extent of weathering in the subsurface to provide a coarse
assessment of the relative importance of reaction kinetics and
denudation in regulating chemical fluxes produced by mineral supply
and weathering for different silicate mineral phases.

2. The model

Because of the large uncertainties in both the nature of chemical/
denudation processes and their rates, we have opted to use a model
that treats these processes in the simplest way possible, while still
retaining some coarse realism of the chemistry and geomorphology
that may be applicable at regional scales. The core of the model has
been developed and presented elsewhere (Chamberlain et al., 2005;
Ferrier and Kirchner, 2008; Gabet and Mudd, 2009; Hilley and Porder,
2008; Hren et al., 2007b; Waldbauer and Chamberlain, 2005); herein,
we use the model to estimate the relative importance of denudation
and reaction rates, and the scaling of the relevant parameters.

We consider that weathering occurs within a surface layer of
thickness Z (Fig. 1). Material enters this layer at the base and exits at
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Fig. 1. Schematic model depiction showing how denudation and chemical weathering
processes moderate mineral weathering rates.

the surface by denudation at a rate of ¢ [Lt™!]. While in transit
through this layer, reactant is depleted at a rate that depends on a
kinetic rate constant, k; [mol L_Zt_l], a mineral surface area, A;
[L2 mol~ 1], and the concentration of the reactant phase at a particular
time [mol L™ 3]. Likewise, the rate at which weathering products are
generated scale with the reactant loss rate, multiplied by a
stoichiometric ratio, r;. Source material for the ith reaction has an
initial concentration prior to weathering of ,q; [mol L~ 3]. The flux of
each mineral phase that is formed by the weathering reaction, ,F;
[molL=2t" '] is the product of the denudation rate and the
concentration of the product species at the surface (z=Z) (Cham-
berlain et al., 2005; Waldbauer and Chamberlain, 2005; Hren et al.,
2007b; Hilley and Porder, 2008; Gabet and Mudd, 2009), where Z is
the thickness of the weathering zone. The timescale of the reaction
kinetics is defined by (kiA;) ~ !, which has been inferred independently
from field and laboratory studies (Brantley et al., 1986, 1993; White,
1995; White and Blum, 1995; White and Brantley, 1995; White et al.,
1996, 2001; White and Brantley, 2003). The specific values for this
timescale depend on the mineral phase of interest (White and
Brantley, 1995; White et al., 1996), the timescale over which
weathering occurs (White and Brantley, 2003), and the flow-through
of water (Clow and Drever, 1996; Maher et al., 2007). For simplicity,
we assume that for a given mineral phase undergoing a particular
hydrologic regime, k;A; can be represented by a particular, empirically
specified value that does not change over time. We acknowledge that
this is a strict assumption indeed: a comparison of laboratory and field
kinetic rates shows that this product likely decreases over time due to
a variety of processes, including mineral surface chemistry (Brantley
etal,, 1986, 1993), hydrology (Clow and Drever, 1996), and saturation
state (Lasaga et al, 1994; Lasaga, 1998). In addition, biological
processes may reduce the pH within pore waters and soil, and this
may alter the bulk reaction kinetics in natural systems. Thus, a myriad
of physical, chemical, and biological processes control the values of k;
and A;, which we simply subsume into a constant, specified value of
k;A; for a particular mineral phase. In the analysis below, we consider a
broad range of these values that spans both field- and laboratory-
based measures of these kinetic rate constants in an attempt to
capture the natural variations in weathering kinetics that arise from
these complexities (see below; Table 1).

Given the simplifying assumption of unchanging k;A; over time, the
concentration of the product species at the surface is found by solving
the advection-reaction problem for material traversing the weather-
ing layer. This is best done by considering the non-dimensional
problem, obtained by scaling length by Z and time by Z/¢, which is the
time over which rock resides in the weathering zone. While £ may be

Table 1
Range of laboratory- and field-based reaction rates used in this study (compiled from
White and Brantley, 2003).

Mineral phase Laboratory-based Field-based

logo kiA; range logo kiA; range

(1/s) (1/s)
Albite —109to —9.2 —133to —109
K-feldspar —114to —9.0 —144to —134
Hornblende —10.6 to —8.3 —142to —129
Biotite —10.1to —8.1 —132to —11.0

estimated using methods such as cosmogenic radionuclide analyses
(Riebe et al., 2001a,b, 2003, 2004a,b), as discussed below, data on Z is
far scarcer. Using these quantities, the non-dimensional product flux
is defined as:

F;

% — P 1
oh odiTi€ M

which expresses the product flux from the surface normalized by the
flux of reactant into the base of the weathering layer (adjusted for the
mineral phase's stoichiometric ratio), so that a value of pF; =1 implies
that all source material has been weathered. In steady-state, the non-
dimensional flux of the ith reaction product from the surface of the
eroding layer is given as:

pfi" = 1—exp(=Dy) 2)
where D; is the Damkohler number for the ith reaction and is defined
as the dimensionless group:

_ kiAiZ

3)

The Damkdohler number for a particular mineral reaction can also
be interpreted as the ratio of the residence time of minerals in the
weathering zone (Z/¢) to the reaction timescale (ki 'A;"!) (White
and Brantley, 2003). The fact that this dimensionless group is the only
parameter in Eq. (2) demonstrates that this is the fundamental scaling
number relating mineral supply and reaction kinetics.

Much effort has been invested in estimating kinetic parameters, as
discussed below, but the thickness of the weathering zone is also of
first order importance and its estimation is problematic. We expect
that Z varies with a number of factors, including the permeability of the
rock (Clow and Drever, 1996; Porder et al., 2007), the loss of perme-
ability through precipitation of secondary mineral phases (Maher et al.,
2007), subsurface temperature, biological activity, and erosional
processes (Raymo and Ruddiman, 1992; Ruddiman et al., 1997). The
role that these factors play is poorly understood because of the difficulty
in accessing the entire weathering zone and relating its downward
propagation to specific hydrologic and environmental factors. However,
as we argue below, there are probably physical relationships between
the erosion rate and the weathering zone thickness.

In the simplest model, the weathering zone may deepen at a
constant rate (Drever and Clow, 1995; White and Brantley, 2003) that
depends on the local hydrology, chemistry, and biological processes
present at a given site. However, this simple idealization leads to the
uncomfortable conclusion that areas in which erosion rates exceed
this downward propagation rate should quickly become devoid of
weathered material, exposing fresh unweathered bedrock every-
where at the surface. Conversely, should erosion rate be less than this
downward propagation rate, the weathering zone would thicken
indefinitely, leading to the removal of all primary minerals at the
surface over time as mineral residence times increase along with the
weathering zone thickness. The fact that we observe weathering
zones and mineral detritus that varies somewhat systematically, but
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not dramatically, between actively eroding and stable areas suggests
that there must be some negative feedback between weathering zone
thickness and erosion rate. In the related case of development of a
mobile soil layer, this feedback has been quantified in a rule of the
form (Carson and Kirkby, 1972; Heimsath et al., 1997, 1999; Dietrich
et al.,, 2003):

dh
T Bosoil exp(—B,

" ) )

'soil
where h is the thickness of the mobile soil layer [L], B,_, is the rate at
which the soil thickens when bedrock is exposed at the surface [L/t]
and By_, is a scale factor that describes dependence of the thickening
rate to the soil thickness [L™!]. Although the physically perturbed soil
layer and the weathering zone are not equivalent, we assert that
feedback mechanisms also regulate the weathering layer thickness
and we can therefore model the weathering layer thickness with
Eq. (4) (as suggested by Lebedeva et al, 2007), provided the
appropriate parameters for the weathering zone, which we denote
B, and By, are determined in place of B,_, and B,,_,. In a landscape in
which erosion removes material from the surface, the rate of change
of the weathering layer thickness is obtained by recasting Eq. (4) in
terms of weathering zone thickness (Z), and adding the denudation
rate to the right side this expression. Under these conditions there is a
steady state (dZ/dt=¢€) in which the layer thickness is:

0

If the weathering layer thickness is set by Eq. (5), the progression
of the weathering reactions and the weathered product flux can be
calculated as in Egs. (1)-(3), but we can now express the Damkohler
number in terms of the production coefficients in Eq. (5) as:

_ kiAi &
o= —5:"(z) ©
This suggests the use of the ratio between denudation rate and the

maximum weathering layer advance rate, which we denote as:

g = BE 7)

[

This allows us to express the flux of weathering product (Eq. (2))

as:
1 Aik; *
pFi = 1—exp B,B,c" In(e )} (8)
or,
_Exy — Aiki *
In(1 oF) = B,Boe" In(e*) 9)

Both the dimensionless weathering product flux ,F;, and the ratio,
g, vary from O to 1 and Eq. (9) demonstrates that in fact these
Aik;
BB

A model based on Eq. (4) is largely empirical and application to
development of the weathering layer depends on the similarity
between soil-forming processes and downward propagation of the
weathering zone front into bedrock. An alternative theory is based on
reactive-transport modeling (Maher et al., 2007; Lebedeva et al., in
press). If mass balance in the system is dominated by downward
transport of reaction products by pore-water flow, the advance of a
weathering front depends primarily on the magnitude of the water
flux (Maher et al., 2007). This provides a parametric link between the
vertical extent of weathering, hydrology, and geomorphic processes.

quantities directly co-vary with a coefficient,

The dependence of weathering extent on denudation rates is not
replaced by considering hydrologic processes; it is simply made more
complex as there are clear links between denudation rates, climate,
and the topographic relief that drives both erosional processes and
subsurface fluid flow.

In this case, we note that the base level that is set by the major
regional rivers largely limits the extent to which surface waters
penetrate vertically into rock. For example, periodic variations in
surface topography that allow enhanced vertical water flow along
ridges in the landscape are rapidly damped with depth in favor of
horizontal transport and draining of the landscape into channels
(Turcotte and Schubert, 2002). Thus, we posit that the topographic
relief sets the scale for the subsurface hydrologic system, which in
turn determines the scale of the weathering zone. Denudation rates
also correlate with topographic relief, and this correlation provides a
link between erosion rate and the weathering depth scale. Following
the work of Ahnert (1970) and Montgomery and Brandon (2002),
denudation rate is correlated to relief as a power function:

& = kR (10)

where Ry is the local relief at a characteristic scale, and k; and k; are
empirically calibrated constants. If the relief in Eq. (10) characterizes
the important topography that drives fluid flow in the weathering
zone, we can thereby equate Ry with Z. In so doing, we are neglecting
the permeability structure of the subsurface; in particular, we
implicitly permit water to freely penetrate deeply into the basement
as the relief can be on the order of kilometers. In many catchments, it
is unlikely that the weathering zone extends to a depth equal to Ry, as
precipitation is routed through a shallow conductive layer and
ultimately is discharged into channels (Montgomery and Dietrich,
1988; Dietrich et al., 1992; Montgomery and Dietrich, 1992).
However, in some high relief mountainous regions, there is some
evidence for deeply penetrating fluids reacting with the host rock at
depths of several kilometers (Evans et al., 2001). In well-drained, low-
relief landscapes, this model is likely to provide an upper limit depth
scale to groundwater penetration. Given the supposition that the local
relief sets an upper limit on weathering zone thickness, we rearrange
Eq. (3) to recast D; solely in terms of erosion rate:
kiAi

_ (1/ky,—1)
D; = ik ? (11)

At low denudation rates, Montgomery and Brandon (2002) and
Ahnert (1970) found that denudation and relief are linearly related to
one another (k; =1). In this case, D; becomes independent of erosion
rate:

_ kA

= 4 (12)

Thus, Eq. (12) indicates that changes in erosion rate are offset by
changes in weathering zone thickness as the relief changes in the
same direction. However, the overall weathering product flux retains
a dependence on the denudation rate through the supply of new
material to be weathered as is clear by noting the dimensional
weathering product flux,

Aik;

pF,»:oqir,»s [1—exp<—f)] (13)

Thus, even when the water balance plays a primary role in
controlling the weathering zone thickness (Maher et al., 2007;
Lebedeva et al., in press), we expect both reaction kinetics and
denudation rate to play a role in determining the chemical weathering
mass flux.
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3. Results
3.1. General model behavior

We begin by considering the behavior of the model when ¢ and Z
are allowed to vary independently. In this case, the non-dimensional
flux can be cast in terms of the erosional Damk&hler number
described by Eq. (3). The graph of Eq. (2) is shown in Fig. 2A and
demonstrates how the Damkoéhler number defines regions of
parameter space where reactions have nearly gone to completion
(,Fi=1) and regions where little reaction has occurred (,F; =0).
Large values of D; produce ,F; =1, while small values of D; result in

Fi* =0.

’ Erosion rate appears in both D; and in the normalized flux, ,F;
(Eq. (1)), and so to explicitly illustrate the flux dependence on erosion
rate, we remove ¢ from the non-dimensional flux through multipli-
cation, and simply contour the quantity as a function of ¢ and kAZ
(Fig. 2B). In the case where ¢ greatly exceeds kiA;Z, the flux becomes
insensitive to € and instead varies in proportion to k;A;Z. Conversely,
when kiAZ greatly exceeds ¢, the flux depends solely on &. These end-
member conditions can be described algebraically by noting the limits
as D; (kiAiZ/€) goes to zero or infinity. In the case of the former, pF;/
(oqiti) = kiAiZ (White, 1995; West et al,, 2005; Hren et al., 2007b),
while in the case of the latter, ,F;/ (oqir;) = € (West et al., 2005; Hren et
al., 2007b). Thus, when rock resides far longer in the weathering zone
than the reaction takes to proceed, the weathering flux is entirely
dependent on the rate of mineral supply, a condition referred to as
“supply-limited” (Fig. 2B). Alternatively, when rock resides within the
weathering zone for a time much shorter than the kinetic timescale,
the magnitude of the flux is purely a function of the reaction kinetics
and layer thickness, referred to as “reaction-limited” conditions
(Fig. 2B) (Stallard and Edmond, 1983; Waldbauer and Chamberlain,
2005; Hren et al., 2007b; Hilley and Porder, 2008; Gabet and Mudd,
2009). The role of reaction kinetics versus mineral supply will vary
depending on the kinetics of a given mineral phase and so a given
weathering zone may contain some minerals whose reaction rates are
limited by fresh mineral supply, while other minerals may be limited
by the mineral reaction rates.

In a second step, we show the dependence of ,F; on &" when the
thickness of the weathering zone and denudation rate are logarith-
mically related to one another. In this case, the erosional Damkdhler

A 1,
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number is represented by Eq. (6). ,F; decreases with increasing £": the
rapidity of this decrease is dictated by k;A;/ (B,Bp) (Fig. 3A).

As before, the flux term ,F; implicitly includes erosion rate, and so
to consider the explicit dependence of erosion rate on flux, we can
redimensionalize Eq. (9) using ¢, B,, and k:A;/B;, and plot the flux as a
function of the other dimensional parameters including erosion rate
(Fig. 3B). When ¢ is small relative to B,, Fi/(oqit;) increases linearly
with €. As € approaches B,, thin weathering zones are favored, causing
the flux to decrease rapidly with increasing erosion rate. The rapidity
with which this decrease occurs depends on k;A;/B,—large values of
kiA;/Bp cause this transition to occur over a small range of &, while
small values of k;A; /B result in a gradual transition to lower fluxes as &
approaches B, (Fig. 3B). There is thus a maximum value of pF;/ (o)
that occurs at intermediate erosion rates in which the mineral supply
is relatively rapid, but residence time of minerals within the
weathering zone is sufficiently long to weather the available supply
(Ferrier and Kirchner, 2008; Gabet and Mudd, 2009) (Fig. 3B).

Early workers (Gilbert, 1880) recognized that soil production may
depend on the establishment of a layer that can retain water, and so if
rapid erosion thins the soil to a great extent, a positive feedback may
be established that thins the soil. In this case, Eq. (4) may not be
wholly appropriate at rapid denudation rates, since soil in these
circumstances may be stripped entirely from certain portions of the
landscape. We speculate that such an effect will be expressed in a
similar manner to that shown in Fig. 3B, although the onset of soil
thinning at lower erosion rates may cause pF;/ (,gir;) to decrease more
rapidly.

Finally, in the case that topographic relief sets a limit on the
thickness of the weathering zone, D; is represented by Egs. (11) and
(12). In the simple case in which relief is linearly related to ¢
(Eq. (12)), the extent of weathering is independent of &, while the
weathering flux produced by a particular mineral phase retains this
dependence. If relief increases nonlinearly with &, as has been shown
to be the case in rapidly denuding environments (Eq. (11)), the
extent of mineral weathering retains some weak inverse depen-
dence on &.

3.2. Erosion rates versus reaction kinetics

Thus far, we have focused exclusively on illuminating the control
that the relative timescale of erosion versus reaction kinetics plays in

B 10 pemn [ §oF; 1 (F oft) [L/
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\
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Fig. 2. (A) Relationship between D; and pl:;. (B) The competition between mineral supply and reaction can be visualized by contouring ,F;/(oq;r;) for each value of € and kAZ. Gray
shaded areas show combinations of ¢ and kiA:Z for which >95% of changes in ,F;/(,qir;) were generated by changes in ¢ and kAZ for supply- and reaction-limited conditions,

respectively.
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controlling silicate-weathering rates. However, field- and laboratory-
based studies provide ranges of the timescales for the reaction kinetics
of a variety of silicate minerals, including albite, biotite, hornblende,
and potassium feldspar (compiled in White and Brantley, 1995). In
addition, we have compiled those few observations for which
simultaneous measurements of erosion rates (determined via
cosmogenic radionuclide analyses) and weathering zone thicknesses
exist to provide plausible bounds on the values of B, and B, in Eq. (4)
(Hilley and Porder, 2008). Importantly, while there are large

120

100} eV

80

60

40

Weathering Zone Thickness (m)

20

Relief Limit to Weathering

uncertainties in the use of Eq. (4), we used a range that bounded
all available data, and estimates of these parameters encapsulate a
large range of the parameter space of ¢ and Z. Thus, while specific
values of these parameters are likely incorrect in detail, the bounds
used as part of our previous work (Hilley and Porder, 2008) explain
all data currently available. Using these two timescales, we can
estimate the degree to which the weathering flux of each mineral
phase is dominated by supply- or reaction-limited conditions by
determining the ratio of the chemical weathering flux of each mineral

(1) Amazon Basin (Braucher, Bourles et al.
1998; Kronberg, Fyfe et al. 1979)

(2) Southern Appalachians, USA (Velbel
1992; Bierman, Massey et al. 1993)

(3) Puerto Rico (White, Blum et al. 1998;
Riebe, Kirchner et al. 2004)

(4) Himalayas and New Zealand (Vance,
Bickle et al. 2003; Waldbauer and Chamber -
lain 2005; S Porder and G. E. Hilley, pers.
observation)

0
106 10 104 1073

sl " Lo n Lo e |
1072 101 100 10!

Erosion Rate (mm/yr)

Fig. 4. Measured (dots) and modeled (solid and dashed lines) weathering zone thickness as a function of erosion rate. Lines labeled “Exponential Weathering Zone Model” assume
the functional form of Eq. (4) and use field observations to calibrate the empirical constants B, and By, “Relief Limit to Weathering Zone” shows the case in which the vertical extent of
the weathering zone is limited by the amount of relief, as might be expected for low-relief landscapes in which weathering zone thickness is controlled primarily by the water
balance. For the case that relief limits the extent of the weathering zone, we consider only measurements taken from erosion rates >0.01 mm/yr to bound the relationship. Thus, the
upper bound of modeled weathering zone thicknesses for this scenario is shown as the dashed line.
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phase relative to its total mass flux (,F;), and determining how this
changes with erosion rate.

We consider two weathering zone thickness models corresponding
to the different ways we conceive weathering zone thickness to be
related to erosion rate, as described above (Fig. 4). In the first model,
we use data presented in Hilley and Porder (2008) to calibrate the
empirical constants in Eq. (4) that bound all compiled observations,
and refer to this scenario as “Exponential Weathering Zone Model”. For
the second case, we regarded the landscape relief as the factor that
limits the vertical extent of weathering in the subsurface. We used the
relationship between erosion rate and relief presented in Montgomery
and Brandon (2002) and Hilley and Porder (2008) to calculate
weathering zone thickness as a function of erosion rate. However,
the large relief observed at high erosion rates produces weathering
zone thicknesses that are incompatible with field measurements. To
account for both the limiting effect of relief on the extent of the

A Field-based Kinetic Constants
Exponential Weathering Zone Model

0.8
Cumulative Fracti

0.6 -
Supply Limited

Reaction Limited

0.2

C Field-based Kinetic Constants
Exponential Weathering Zone Model Limited by Relief

0.8

pFi* (for mineral weathering fields)
Cumulative Fraction (for erosion rates)

0.6

0.4

0.2

0 L
104 102

weathering zone as well as field-based observations, we calibrated an
exponential weathering zone model using observations from areas in
which erosion rates were >0.01 mm/yr, and limited the maximum
vertical extent of the weathering zone using the relationship between
local relief and erosion rate (Fig. 4). This second scenario is referred to
as “Exponential Weathering Zone Model Limited By Relief” (Fig. 4).

Finally, to gain a crude measure of the distribution of worldwide
erosion rates, we used the SRTM-90 meter dataset to calculate local
relief in an identical way as Montgomery and Brandon (Montgomery
and Brandon, 2002; Hilley and Porder, 2008). This approach
necessarily overestimates erosion rates in low-relief, depositional
areas where our model does not apply. Mean erosion rates predicted
by our analysis are ~0.017 mm/yr, with 90% of erosion rates falling
between ~0.0017 mm/yr and ~0.15 mm/yr.

Using these estimated erosion rates and weathering zone
thickness scenarios, we estimated ,F; for the range of reported kinetic

B Laboratory-based Kinetic Constants
Exponential Weathering Zone Model

Supply Limited

Reaction Limite

10 102 10°

D Laboratory-based Kinetic Constants
Exponential Weathering Zone Model Limited by Relief
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Reaction Limited

10° 10 1072 10°
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Fig. 5. Relationship between erosion rate and fraction of weathering flux controlled by mineral supply for (A) field- and (B) laboratory-based kinetic reaction rates, considering the
exponential weathering zone model described in text. This relationship changes when (C) field- and (D) laboratory-based kinetic reaction rates are used with a weathering zone
whose extent is limited by landscape relief at low erosion rates. Different colored envelopes represent different mineral phases. The range encapsulated in these envelopes
represents the variation observed in both kinetic rate constants and inferred empirical constants relating weathering zone thickness to erosion rates. For reference, the cumulative
probability distribution of erosion rates is shown as bold solid line and can be used to infer the percentage of Earth's surface subject to supply (pF,T >0.5) or reaction ( pF,f<O.S) limited
conditions. An example of this is shown for the upper bound of Kspar, where we expect the threshold between reaction- and supply-limited conditions to occur at a denudation rate
of 0.05 mm/yr. Approximately 71% of the land surface is eroding at this rate or slower, which will produce conditions that may be influenced more by supply of fresh minerals than

reaction kinetics.
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rate constants inferred from field studies (Fig. 5A, C) and laboratory
studies (Fig. 5B, D). When ,F; =0.5, mineral supply and reaction
kinetics play equal roles in moderating the silicate-weathering flux.
The envelopes in Fig. 5 reflect the ranges in kinetic constants reported
in White and Brantley (1995) and the inferred range of B,, By, and k;
for the scenarios shown in Fig. 4. We see that in the case of laboratory
kinetic rate constants, the rapid timescale of dissolution relative to
residence time within the weathering zone causes all of these mineral
phases to be strongly supply-limited over a broad range of denudation
rates (Fig. 5B, D). When using field-based kinetic rate constants with
an exponential weathering zone model unlimited by relief, high
values of denudation rates (corresponding to low residence times)
produced reaction-limited conditions (Fig. 5A). Thus, we expect those
areas undergoing slow denudation (<1x10~%mm/yr) to be most
sensitive to changes in denudation rate, while rapidly denuding areas
(>0.5 mm/yr) will be sensitive to changes in factors that alter the
reaction kinetic rate constants. If relief limits the extent of the
weathering zone at low denudation rates, weathering fluxes depend
on the individual mineral phase of interest, but generally tend to be
more reaction-limited than expected using the unrestricted weath-
ering zone model. Despite the weathering zone model employed, at
low erosion rates, weathering fluxes depend on erosion rate to some
degree, and depending on the kinetics that are applicable to a specific
area, weathering may depend as much on fresh mineral supply as
reaction kinetics. In addition, at high denudation rates, residence
times within the weathering zone are expected to be short, and
because fresh minerals weather more rapidly than do those subjected
to lengthy weathering (White and Brantley, 1995), chemical
weathering may be slightly more rapid than predicted by our simple
model under these circumstances. In addition, enhancement of the
kinetic reaction rates by plant-derived soil acidification may cause
weathering rates to be more like those observed in the laboratory.
Conversely, the effects of pore-water saturation may systematically
slow reaction rates over time, causing them to be better represented
by field-based reaction rates.

In Fig. 5, we show the cumulative distribution function of erosion
rates, and plot the fraction of the Earth experiencing erosion rates less
than or equal to each value of erosion rate as a solid dark line. This
allows us to estimate the fraction of Earth's surface over which erosion
or kinetic reaction rates may be more or less important. Based on these
estimates of global erosion rates, we note the percentage of the world
in which ,F;>0.5 in Table 2, indicating a weakly to strongly dominant
influence of mineral supply on weathered fluxes of each mineral phase
investigated. We find that given the state-of-knowledge of kinetic
reaction rates, denudation rates, and the relationship between
weathering zone thickness and denudation rates, denudation may
play an important role in moderating silicate-weathering fluxes for
large portions of the world for the four silicate mineral phases
investigated. These results suggest that reaction kinetics plays an
important role in moderating silicate-weathering fluxes; however,
fresh minerals supplied by tectonic and erosional processes may play a
sub-equal or greater role in moderating silicate-weathering rates
under some circumstances.

Table 2
Percentage of weathering attributable to effects of mineral supply.

Mineral phase Field-based rate Field-based rate Lab-based rate

Exponential Z Exponential Z Both weathering

Model Limited by relief Zone scenarios
Albite 48-100% 52-100% 100%
K-feldspar 6-71% 0-71% 99-100%
Hornblende 9-77% 0-77% 100%
Biotite 54-100% 57-100% 100%

4. Discussion

The idea that mineral supply might regulate mineral weathering
rates has a rich history in the weathering literature. Initially, Stallard
and Edmond (1983) observed that denudation plays an important role
in moderating chemical fluxes from the Amazon Basin. This observa-
tion partly led to the hypothesis that the uplift of large mountain belts
such as the Himalayas may accelerate chemical weathering processes
by creating reactive surface area, which in turn may alter the
composition of Earth's atmosphere as the release of Ca>* and Mg?*
sequesters CO, into geologic deposits (Raymo and Ruddiman, 1992;
Ruddiman etal., 1997). Since these regional and global inferences have
been made, cosmogenic isotope measurements have been used with
geochemical analyses to relate denudation of landscape elements to
the chemical weathering they undergo. To this end, a number of
ground-breaking studies have shown strong covariation between
denudation of Earth's surface and the chemical mass flux produced by
weathering (Riebe et al., 2001b, 2003, 2004a,b), and such studies
continue to appear in the literature (Green et al., 2006; Yoo et al., 2007;
Burke et al., 2009; Dixon et al., 2009; Burke et al., in revision; Yoo et al.,
2009). Motivated in part by these results, Waldbauer and Chamberlain
(2005) developed a simple mathematical model, utilized herein, to
relate the relative timescales of soil residence and reaction to
determine the extent to which chemical weathering rates may be
controlled by reaction kinetics versus mineral supply. Field calibration
of this model at the catchment scale showed that such an approach
might be used to explain regional-scale covariation between denuda-
tion and chemical weathering rates (Hren et al., 2007b). Based on
these results, our previous work coupled a model of the development
of the weathering zone that logarithmically related weathering zone
thickness to denudation rate, and used the regionally calibrated model
with global estimates of erosion rate to infer silicate-weathering fluxes
at the global scale (Hilley and Porder, 2008). At the same time, Ferrier
and Kirchner (2008) used a similar approach to understand how
temporal fluctuations in denudation rates may alter chemical
weathering fluxes. Additionally, Gabet and Mudd (2009) present a
steady-state version of this model that is virtually identical to that of
Waldbauer and Chamberlain (2005) and Hilley and Porder (2008).
Many of these prior contributions harkened the thickness of mobile
soil equivalent to that of the entire weathering zone (Ferrier and
Kirchner, 2008; Gabet and Mudd, 2009), which in many natural
situations, penetrates much deeper into the undisturbed rock (Hilley
and Porder, 2008). Importantly, all of these studies require the
weathering zone thickness to be logarithmically related to the
denudation rate, and do not consider a case where the extent of the
groundwater system may restrict the total thickness of the weathering
zone as we have done in this study. Additionally, none explore the
dynamics of individual mineral phases in the weathering process
when considering our best guess as to how deep, on average,
weathering might extend, as well as how fast, on average, landscapes
might be denuding. In this regard, the current contribution clarifies the
relative role that mineral supply and reaction may play for a variety of
different mineral phases through dimensional analysis and the
inclusion (albeit in a coarse way) of the limiting effects of groundwater
flow on the extent of the weathering zone in the subsurface.

Several studies have argued that the uplift of mountain belts may
facilitate accelerated chemical weathering rates by increasing the
supply of minerals available to be weathered (Raymo et al., 1988;
Raymo and Ruddiman, 1992; Ruddiman et al., 1997). If the supply of
fresh minerals by erosional lowering of topography is as large a
contributor to overall weathering rates as our analysis suggests, active
mountain belts may indeed contribute a disproportionate fraction to
the silicate-weathering budget (Stallard and Edmond, 1983; Hren
et al, 2007a; Hilley and Porder, 2008). Furthermore, in areas of
exceedingly rapid denudation, residence times of rock within the
weathering zone may be low enough to cause a decrease in the
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weathering fluxes (Fig. 3), although rapid weathering of freshly
exposed rock such as is found in landslide scars may augment
weathering of silicate minerals in these circumstances (Gabet, 2007).
We stress that a key, and poorly constrained factor in our analysis is
the relationship between denudation rate and weathering zone
thickness, and so more data that elucidate how weathering zone
thickness varies in different climatic and tectonic conditions are
required to form strong conclusions regarding the strength of
coupling between erosion rates and chemical weathering. Nonethe-
less, based on our current state-of-knowledge, it appears that
accelerated erosion in the world's active orogens is capable of driving
accelerated silicate weathering, consistent with the idea that the uplift
of the Himalayas and Tibet has the potential to change Earth's
atmosphere and climate during the Cenozoic (Raymo et al., 1988;
Raymo and Ruddiman, 1992; Ruddiman et al., 1997).

5. Conclusions

This contribution uses a simple mathematical model of the kinetics
of mineral weathering and the effects of fresh mineral supply by
surface denudation to examine the potential role of each in
controlling chemical weathering rates. Examination of the model
reveals that when the timescale of weathering reactions (defined by
mineral specific kinetics, (kiA;)™!) is much shorter than the time
during which minerals weather in the near-surface (defined by
weathering zone thickness and denudation rate, Z/g), primary
minerals will be exhausted and mineral supply will limit weathering
rates. Conversely, if the timescale of mineral weathering reactions is
much longer than the time during which minerals are allowed to
weather, the reaction kinetics will instead control weathering rates.
Additionally, our analysis highlights that the weathering time of
minerals near the surface depends on both weathering zone thickness
(Z) and denudation rate (). We examined several plausible scenarios
that relate weathering zone thickness to denudation rate. In the first,
the thickening rate of the weathering zone is regarded analogous to
that of soils, with thinner weathering zones associated with more
rapid denudation. In this case, chemical weathering rates reach a
maximum value at intermediate denudation rates, which produce
relatively thick weathering zones while maintaining rapid mineral
supply rates. In the second scenario, weathering zone thickness is
limited by the extent of the vadose zone, which we assume is
proportional to the amount of local topographic relief. In this case,
weathering rates increase approximately linearly with denudation
rates as the effect of changing weathering zone thickness is offset by
denudation rate to maintain a relatively constant fraction of primary
minerals weathered.

We combined the range of k;A; measured in the laboratory or
inferred from field studies for four silicate minerals with a range of
plausible denudation rates and weathering zone thicknesses to
determine those circumstances that might produce chemical weath-
ering rates limited by mineral supply versus reaction kinetics. Rapid
mineral weathering kinetics observed in the laboratory produce
supply-limited conditions over a large spectrum of plausible erosion
rates, while field-based kinetics shows that mineral supply may limit
weathering rates in cases of slow erosion. We stress that a key, and
poorly constrained factor in our analysis is the relationship between
denudation rate and weathering zone thickness, and so more data
that shed light on how weathering zone thickness varies in different
climatic and tectonic environments are required to reach strong
conclusions about the relative role of reaction kinetics versus mineral
supply limitation in natural systems. However, based on those data
that exist, our analysis suggests that increasing denudation rates may
be capable of driving accelerated silicate weathering, consistent with
the idea that uplift of the Himalayas and Tibet has the potential to
change Earth's atmosphere and climate during the Cenozoic (Raymo
et al., 1988; Raymo and Ruddiman, 1992; Ruddiman et al., 1997).

Appendix A. Model parameters used in text

Parameter Description Units

Z Thickness of weathering zone [L]

£ Denudation rate Lt 1]

k; Kinetic rate constant [molL=2t~"]
A Mineral surface area [L? mol]

odi Concentration of ith phase in bedrock [mol L~3]

qi Concentration of the ith phase [mol L~3]

T; Stoichiometric ratio

oF; Product flux of ith phase [mol L2t~ "]
B, Surface soil production rate [Lt ']

By, Depth scaling of soil production ="

Ry Local relief [L]

ks Relief-denudation rate scaling factor [LO—k) =1
ko Relief-denudation rate exponent

Dimensionless groups:

oFi Dimensionless product flux
g Ratio of denudation to surface
Weathering zone lowering rate
D; Erosional Damkohler number
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